Striking similarities continue to emerge between the mammalian and Drosophila JAK/STAT signaling pathway. However, until now there has not been the ability to monitor global pathway activity during development. We have generated a transgenic animal with a JAK/STAT responsive reporter gene that can be used to monitor pathway activation in whole Drosophila embryos. Expression of the lacZ reporter regulated by STAT92E binding sites can be detected throughout embryogenesis, and is responsive to the Janus Kinase hopscotch and the ligand upd. The system has enabled us to identify the effect of a predicted gene related to upd, designated upd2, whose expression initiates during germ band extension. The stimulatory effect of upd2 on the JAK/STAT reporter can also be demonstrated in Drosophila tissue culture cells. This reporter system will benefit future investigations of JAK/STAT signaling modulators both in whole animals and tissue culture. q
Introduction
The Janus kinase (JAK) and Signal Transducer and Activator of Transcription (STAT) signaling pathway was first discovered in mammalian systems with the recombinant cloning of a STAT gene encoding a DNA binding factor, and identification of a JAK tyrosine kinase responsible for its phosphorylation Schindler et al., 1992; Velazquez et al., 1992; Stark et al., 1998; Levy and Darnell, 2002) . A link between JAK/ STAT signaling and neoplasia was not apparent until studies with Drosophila revealed that a constitutively active JAK mutant caused tumor formation in animals (Perrimon and Mahowald, 1986; Hanratty and Dearolf, 1993; Luo et al., 1995) . Studies with Drosophila can readily reveal physiological roles by offering a whole animal model system that can be evaluated with both loss-of-function and gain-of-function mutations within a short time span of reproduction. In addition, the Drosophila system allows the benefit of genetic manipulations to identify regulatory modulators and cross-talk between synergistic or antagonistic pathways.
In comparison to the four JAKs and seven STATs that have evolved in mammalian systems, Drosophila possess a single JAK gene (hopscotch/hop) and a single STAT gene (stat92E) (Perrimon and Mahowald, 1986; Binari and Perrimon, 1994; Hou et al., 1996; Yan et al., 1996) . JAK molecules are associated with the intracellular domain of cell surface cytokine receptors and are activated in response to binding of extracellular ligand to the receptor (Darnell et al., 1994; Ihle et al., 1995; Taga and Kishimoto, 1995) . The activated JAKs in turn tyrosine phosphorylate STAT molecules. Tyrosine phosphorylation of STATs promotes their dimerization via reciprocal phosphotyrosine and Src homology 2 (SH2) domain interactions. This conformational change can contribute to nuclear translocation, and it is essential for the ability of STATs to recognize specific DNA sequences. STAT dimers in humans or Drosophila bind to Mechanisms of Development 122 (2005) a conserved DNA sequence with dyad symmetry that can be present in multiple copies within promoters of responsive genes (Yan et al., 1996; Darnell, 1997) . The STAT binding sequence is often referred to as an interferon-gamma activated site (GAS) since it was initially described in mammalian genes induced by the cytokine interferongamma.
The Drosophila JAK/STAT pathway has been found to play critical roles in varied functions such as embryo segmentation, proliferation, hematopoiesis, spermatogenesis, oogenesis, sex determination, immune response, and eye development (Luo and Dearolf, 2001; Hombria and Brown, 2002; Hou et al., 2002) . To aide evaluation of these functions and those that remain to be discovered, we developed an in vivo reporter system to detect activation of the JAK/STAT pathway. We generated a STAT92E responsive reporter gene regulated by a conserved STAT binding site (GAS sequence) within minimal promoter sequences. This reporter was used to produce transgenic Drosophila, and in this study we describe pathway activation during embryogenesis.
The JAK/STAT pathway in Drosophila is activated via a functional receptor Domeless (Dome), also known as Master of marelle (MOM) (Brown et al., 2001; Chen et al., 2002) . Dome shares some similarity with the extracellular ligand binding region of the mammalian interleukin-6 receptor family. The existence of an additional receptor component, CG14225, has been predicted based on a region encoding a protein with partial homology to Dome (Hombria and Brown, 2002; Hou et al., 2002) . However, there have been no functional studies as yet with CG14225. The plethora of extracellular ligands that can stimulate mammalian STATs contrasts with the limited number of known ligands in the Drosophila system. The first ligand discovered to bind to the Dome receptor and activate the JAK/STAT signal pathway was the product of the gene outstretched (os), also known as unpaired (upd) (Weischaus et al., 1984; Harrison et al., 1998) . Upd is a secreted glycoprotein that has been shown to be associated with the extracellular matrix. Computer-based homology searches identified two predicted genes related to upd that are also on the X chromosome designated CG5988 (upd2) and CG15062/CG5963 (upd3) (Hombria and Brown, 2002; Hou et al., 2002) . In this study we describe the first analysis of upd2 expression during embryogenesis, and demonstrate its ability to stimulate activation of the JAK/STAT pathway.
Results

JAK/STAT activation is detected in a highly dynamic pattern during embryogenesis
To visualize global JAK/STAT pathway activation in the whole animal we generated a transgenic Drosophila line containing the lacZ gene regulated by STAT DNA binding sequences. Our construct included three STAT target sites (GAS) (Reich and Darnell, 1989) upstream of a minimal Drosophila heat shock promoter in the pCaSpeR.hsp.bas vector. We refer to this reporter gene and the Drosophila line as (GAS) 3 -lacZ. Expression during embryogenesis is strikingly dynamic.
To evaluate expression of the reporter gene, in situ hybridization was performed to detect the lacZ mRNA transcript in homozygous (GAS) 3 -lacZ embryos during various stages of development (Fig. 1) . Expression of the lacZ gene is not detectable in syncytial blastoderm embryos (Fig. 1a) . However, at the onset of cellularization, lacZ mRNA is detected throughout the embryo with strongest expression in the ventral region (Fig. 1b) . Just prior to gastrulation, expression becomes more spatially restricted (Fig. 1c) . At the onset of gastrulation, an intense lacZ signal is detected in a broad region anterior to the presumptive cephalic furrow and invaginating presumptive mesoderm (Fig. 1d) . As germ band extension proceeds, expression is reduced (Fig. 1e) , but reappears by early stage 9 in the head region and as a weak 14 stripe pattern (Fig. 1f) . By stage 10 this pattern resolves into strong expression in 14 parasegments (Fig. 1g) . The lacZ signal then recedes and is detected in small clusters of segmentally repeated cells (Fig. 1h) . These data indicate that STAT binding sites within a promoter context can drive expression of a reporter gene in the Drosophila embryo. Homozygous Drosophila were also At the onset of gastrulation, expression becomes more spatially restricted and at early germ-band extension it is detected anterior to the presumptive cephalic furrow and in the presumptive mesoderm. (e)-(h) Expression decreases but is subsequently detected in a dynamic 14-stripe pattern that becomes restricted to small clusters of segmentally repeated cells. generated that contain a lacZ transgene regulated by a single GAS element. The (GAS) 1 -lacZ embryos exhibited a similar pattern of gene expression but with significantly weaker intensity (data not shown).
Dependence of the (GAS) 3 -lacZ reporter system on Hopscotch kinase in vivo
To ensure that expression of the reporter system was in fact responsive to JAK/STAT activity, we evaluated (GAS) 3 -lacZ expression in embryos lacking maternal hop. These hop embryos have also been shown to exhibit reduced STAT92E protein levels . Maternal hop was removed using the FLP-DFS technique (Chou and Perrimon, 1996) to generate females with hop C111 homozygous germ cells. These females were crossed to (GAS) 3 -lacZ males to generate embryos that lack maternal hop and carry a single copy of the (GAS) 3 -lacZ transgene. Embryos were evaluated for expression of lacZ transcript by in situ hybridization. Expression was found to be dramatically reduced in all stages examined (Fig. 2) . During early cellularization only a weak anterior signal is detected with little or no signal in the remainder of the embryo (Fig. 2a  versus d) . At the onset of gastrulation, the embryos exhibited reduced expression throughout, particularly in the area corresponding to mesoderm (Fig. 2b versus e) . During germ-band extension, the expression in 14 parasegments was reduced with residual signals in small clusters of cells at the midline of the original 14 stripes (Fig. 2c versus  f) . The residual activity detected may be hop independent. stat92E null alleles were also tested and showed residual activity (data not shown). These results indicate that the (GAS) 3 -lacZ reporter system is responsive to a reduction of in vivo levels of JAK/STAT pathway components.
2.3. Responsiveness of the (GAS) 3 -lacZ reporter system to unpaired ligand To evaluate whether the unpaired (Upd) ligand stimulated the (GAS) 3 -lacZ reporter system, we ectopically expressed Upd using a paired-Gal4 driver. In this system expression of the yeast transcription factor GAL4 is regulated by the promoter of the paired gene which drives expression in seven stripes. UAS-upd is in turn, induced by GAL4 and this can be visualized by in situ RNA hybridization to upd transcript (Fig. 3a ). (GAS) 3 -lacZ expression was then evaluated by in situ hybridization to the lacZ transcript in embryos ectopically expressing upd using the paired-Gal4 driver. A marked increase in lacZ expression was noted in cells ectopically expressing upd (Fig. 3c ) as compared to their wild-type siblings (Fig. 3b) . These data provide evidence that the (GAS) 3 -lacZ reporter gene is responsive to the Upd ligand in vivo.
We tested the effect of removal of upd on the in vivo reporter system by analyzing the Drosophila line Df(1)osUE69 which possesses a deletion on the X chromosome that removes upd (Eberl et al., 1992; Harrison et al., 1998) . Females were crossed to homozygous (GAS) 3 -lacZ males, and embryos were evaluated for lacZ expression (Fig. 4) . In cellular blastoderm stage embryos we observed a reduction . The effects of ectopic ligand on (GAS) 3 -lacZ activity. Surface views of embryos that carry one copy of (GAS) 3 -lacZ were evaluated by in situ hybridization for RNA corresponding to upd or lacZ. (a) Detection of upd induced by paired-GAL4. (b) Embryo expressing (GAS) 3 -lacZ in the absence of a GAL4-UAS expression system. (c) The pattern of expression of the (GAS) 3 -lacZ transgene is augmented by ectopic expression of UASupd in response to paired-GAL4.
in lacZ induction in upd deficient embryos (upd K ) in comparison to wild-type controls ( Fig. 4a versus b) . During germ band extension, there is a reduction in the head and in the segmentally repeated stripes of the embryonic epidermis ( Fig. 4d versus e) .
Although the upd deficiency had clearly a negative effect on the expression of (GAS) 3 -lacZ, it was not as dramatic a reduction as found with the hop germline clones. For this reason we hypothesized that additional activators may be present during embryogenesis. We performed homologybased searches and identified two putative upd-like genes (CG5988 and CG15062/CG5963) near upd on the X chromosome. These predicted genes were recently designated upd2 (CG5988) and upd3 (CG15062/CG5963), and upd3 was shown to be required in JAK/STAT regulated gene expression in the septic injury response of the adult (Agaisse et al., 2003) . We therefore explored the possibility that they contributed to expression of the (GAS) 3 -lacZ reporter gene during embryogenesis.
Contribution of unpaired2 to (GAS) 3 -lacZ expression
To evaluate a role of upd2 or upd3 to JAK/STAT signaling we first determined the extent of the chromosome deletion in Df(1)osUE69. Genomic DNA was prepared from single embryos generated from a cross of Df(1)osUE69/y w females with y w/Y males, and were evaluated by polymerase chain reaction (PCR) (see Experimental Procedures). upd3 was annotated originally as two separate genes (cg15062 and cg5963). A more recent publication describes these regions as part of one gene (Agaisse et al., 2003) . cg15062 contains exons 1 and 2, and cg5963 contains exon 3. Our analyses determined the breakpoint of Df(1)osUE69 is between exon 2 (cg15062) and exon 3 (cg5963) of upd3. Thus, this deficiency removes upd and truncates upd3, likely rendering it non-functional, while upd2 is left intact (data not shown). A genomic map depicting the breakpoint of Df(1)osUE69 relative to the upd-like genes is depicted in Fig. 5A .
To explore the possibility that upd2 encodes a functional ligand for JAK/STAT signaling, we first evaluated (GAS) 3 -lacZ expression in Df(1)os1A, a line that deletes all three members of the upd gene family (Brown et al., 2003) . Df(1)os1A females were crossed to homozygous (GAS) 3 -lacZ males and expression of lacZ was evaluated during embryogenesis by in situ hybridization. The establishment of the lacZ expression pattern in cellular blastoderm embryos was clearly reduced compared to control embryos ( Fig. 4a versus c) . More significantly, the expression of (GAS) 3 -lacZ during germ band extension was more severely reduced in Df (1)
4d versus e and f). This reduction was due to an overall decrease in the number of cells expressing lacZ in the segmentally repeated stripes. This effect could be due to a specific effect on lacZ expression in the epidermis or could reflect a change in cell fate due to patterning defects. An analysis of parasegmental expression of wingless and engrailed in both genotypes revealed similar defects in Fig. 4 . Effects of upd upd3 deficiency, or upd upd3 upd2 deficiency on (GAS) 3 -lacZ expression. In situ hybridization to lacZ mRNA was used to evaluate establishment and maintenance of lacZ expression in wild-type embryos (a), (d), upd K upd3 -embryos (b), (e) and upd K upd3 -upd2 K embryos (c) and (f). Two dorsal lacZ stripes are boxed in white to highlight the more severe reduction in lacZ in later stage upd
engrailed expression and slightly more severe defects in wingless expression in Df(1)os1A/Y compared to Df(1)osUEfor/Y embryos. However, the slightly more severe defects in wingless expression in Df(1)os1A/Y embryos were regional, while the defects in lacZ expression were throughout the embryo. These results suggest that both upd and upd2 contribute to JAK/STAT signaling in the embryo. 
Recombinant cloning of unpaired2
To confirm that upd2 is expressed during embryogenesis, we analyzed RNA isolated from embryos at 0-2 and 2-4 h of development. The presence of upd2 RNA was evaluated by RT-PCR analysis using nested primers corresponding to the Flybase annotated CG5988 gene. Multiple cDNAs were detected in the 2-4 h embryos and these were cloned and sequenced (Fig. 5B) . The slower migrating cDNAs corresponded to splice intermediates of upd2. The faster migrating cDNA corresponded to the mature full-length upd2 cDNA with three exons. DNA sequence analysis revealed that the junction between intron 2 and exon 3 occurred 57 nucleotides upstream of the predicted splice junction in Flybase (Fig. 5C) . The open reading frame of the upd2 cDNA encodes the deduced amino acid sequence shown in Fig. 5D compared with upd. Scattered throughout the protein there is 27% amino acid identity to upd and 21% similarity.
Spatial expression pattern of unpaired2 in the embryo
Expression of upd2 was detected in developing embryos during germ band extension. Stringent in situ hybridization conditions were used to visualize upd2 transcripts during embryogenesis. An antisense probe was prepared to upd2 that corresponded to exons 2 and 3 and a portion of intron 1 for use in the in situ hybridizations. There was no significant expression of upd2 mRNA detected in syncytial or cellular blastoderm embryos (Fig. 6a,b) . However, prominent expression was found during germ band extension (Fig. 6c) . This expression was manifest as segmentally repeated stripes that later in embryogenesis become restricted to segmentally repeated clusters reminiscent of neuroblasts (Fig. 6d) . This pattern is similar to the expression of upd transcript at these stages (Harrison et al., 1998; Karsten et al., 2002) . In situ hybridization to upd2 mRNA in upd deficient embryos from Df(1)osUE69 crosses demonstrated a similar expression pattern, eliminating the possibility of cross-hybridization with upd (data not shown). The expression of upd2 coincides with expression of the reporter gene providing evidence that upd2 is expressed in a manner that is consistent with activation of the (GAS) 3 -lacZ reporter gene in Df(1)osUE69/Yembryos during germ band extension.
Unpaired2 activates JAK/STAT signaling in Drosophila tissue culture cells
To further test the ability of upd2 to activate JAK/STAT signaling, we evaluated its effects in Drosophila S2 cells in tissue culture. upd and upd2 cDNAs were recombinantly cloned in an insect cell expression plasmid with a V5 epitiope tag. S2 cells were transfected with upd-V5 or upd2-V5 and protein expression was evaluated by Western blot analysis with anti-V5 antibody (Fig. 7 inset) . Multiple protein forms of both upd and upd2 were detected migrating at approximately 58-65 kDa, possibly indicating that like Upd, Upd2 is post-translationally modified.
The effect of Upd or Upd2 on expression of the (GAS) 3 -lacZ reporter gene was tested by a co-transfection assay in tissue culture. cDNAs encoding dome and stat92E were also cloned into the V5-tagged expression vector. S2 cells were transfected with the reporter gene and expression plasmids encoding the receptor Dome, to ensure adequate receptor expression, and Upd or Upd2. The levels of b-galactosidase produced by the reporter gene were assayed using a chemiluminescent substrate and were normalized to a cotransfection control. A representative experiment is shown in Fig. 7 in which the reporter gene expression increased by 8-fold in response to Upd and by 12-fold in response to Upd2. To ensure that the levels of STAT92E were not limiting, the assay was also performed by co-transfection of the STAT92E expression plasmid. The STAT92E led to an increase of baseline of reporter gene activity, but levels still increased in response to either Upd or Upd2 co-transfection. These results demonstrate that the (GAS) 3 -lacZ reporter gene can act as a global indicator of JAK/STAT activation both in tissue culture cells and in whole Drosophila embryos. More significantly, it demonstrates that Upd2 encodes a functional activator of the JAK/STAT pathway.
Discussion
Establishment of the segmental body plan of Drosophila melanogaster remains an exceptional process to study the hierarchies of complex gene regulation. In the embryo, maternal gene products control the temporal and spatial activation of zygotic genes, which in turn cooperate in a complex manner to regulate the proper number and array of body segments. The Drosophila JAK/STAT signaling pathway is essential for establishment of early pattern formation in the embryo. Embryos lacking maternal dome, hop, stat92E or zygotic upd, die with specific defects that include loss of the fifth abdominal segment and loss of the posterior midventral portion of the fourth abdominal segment (Binari and Perrimon, 1994; Hou et al., 1996; Yan et al., 1996; Harrison et al., 1998; Brown et al., 2001; Chen et al., 2002) . The segmentation defect has been attributed to loss of stripe-specific expression of pair rule genes that depend on JAK/STAT activity. Since maternal Hop and STAT92E are uniformly expressed in the early blastoderm embryo, this observation raised questions as to how ubiquitous signaling proteins could control the identity of specific segments. A model emerged in which expression of pair rule genes was spatially controlled by the presence of transcriptional repressors (reviewed in Hou and Perrimon, 1997) . By using a reporter gene consisting of STATresponsive target elements [(GAS) 3 -lacZ], we have confirmed that early JAK/STAT signaling is established in cellularizing embryos in a ubiquitous manner. It is worth noting that we were not able to drive maternal activation of JAK/STAT signaling by over-expressing Upd with the maternal driver nanos-Gal4-tubulin (data not shown) (Tracey et al., 2000) . This result suggests that the presence of Upd ligand alone is not sufficient to activate the pathway. In addition, when Upd was ectopically expressed with the paired-Gal4 driver, (GAS) 3 -lacZ was hyperactivated, but only in a subset of cells. These data support the findings of a previous report that observed the inability of ectopic ligand to induce Domeless dimerization, and hence pathway activation in early embryos (Brown et al., 2003) .
Transgene response to pathway components
The removal of maternal hop by the production of germline clones had a clear inhibitory effect on the establishment of (GAS) 3 -lacZ expression in early cellularized embryos, gastrulation, and the maintenance of reporter expression during germ-band extension. Since loss of maternal hop has been shown to negatively regulate STAT92E protein levels , it was expected that this loss of function allele would cause the strongest loss of (GAS) 3 -lacZ expression. However, all three stages displayed some residual expression. Given that the hop C111 mutation in the germ line clone corresponds to a small internal deletion, it is possible that the residual reporter expression is due to low activity of a mutant Hop protein. We also cannot rule out the chance that residual expression is due to the activity of an unknown DNA binding factor that can interact with the reporter gene. It is also possible that there is minimal but constitutive activity of the promoter used in the construction of the (GAS) 3 -lacZ gene (see Experimental Procedures). The presence of a CAAT box and a TATA box could facilitate a low level of expression by the basal transcriptional machinery.
The contribution of upd, upd3 and upd2 to JAK/STAT signaling during embryo development was also evaluated. The removal of upd and upd3 or upd, upd3 and upd2 significantly decreased pathway activity. The effect was similar to the removal of maternal hop during the establishment of (GAS) 3 -lacZ expression in cellularized embryos. The earliest developmental stage shown in Fig. 4 for both deficiencies is slightly later than that shown in Fig. 2 for hop Fig. 7 . Unpaired2 stimulates expression of (GAS) 3 -lacZ. Drosophila S2 cells were transfected with the reporter gene, (GAS) 3 -lacZ, a co-transfection control, pIZ-luciferase, and plasmid DNAs expressing Dome, Upd, Upd2, or STAT92E as shown (C). The data correspond to b-galactosidase activity normalized to firefly luciferase activity expressed as fold induction relative to reporter and Dome alone. Values are the mean of duplicate samples from a representative experiment. Inset depicts Western blot of protein expression in S2 cells transfected with either upd-V5 or upd2-V5. Cell lysates were evaluated for the expression of epitope tagged proteins with anti-V5 antibody. Migration of molecular weight markers is noted to right.
embryos. Given the slight difference in staging, the residual expression is similar, consisting of a weak head stripe and 2 weak stripes in the trunk. The maintenance of (GAS) 3 -lacZ expression in germ-band extended embryos was also analyzed. The removal of both upd, upd3 and upd2 had a more severe effect on reporter gene expression than removal of upd and upd3 alone. This increase in severity was manifest as a reduction in the number of expressing cells within the segmentally repeated cell clusters.
Unpaired2 as a functional ligand of the JAK/STAT pathway
Our studies performed both in vivo and in Drosophila tissue culture cells provide evidence that Upd2 can act to stimulate activation of the JAK/STAT pathway. Since the expression pattern of both upd and upd2 is similar during germ-band extension, it is possible that they serve certain biologically redundant functions similar to the manner in which IL-6 cytokines function in mammalian systems. These are pleiotropic cytokines that share structural similarity and functional redundancies in part due to the fact that they share a common receptor subunit (Taga and Kishimoto, 1995) . Alternatively, signaling by Upd and Upd2 may serve specific functions either in the embryo or during other stages of larval, pupal, or adult development. In monitoring upd2 expression by Western blot analysis, multiple isoforms were detected that may indicate posttranslational modifications. The nature of the Upd2 proteins remains to be characterized and could provide insight on additional levels of signaling specificity and receptor binding. Upd2 may not be associated with the extracellular matrix like Upd and thereby able to act at a greater distance from its production to influence gene expression. The in vitro studies in Drosophila S2 cells clearly demonstrated the ability of Upd2 to stimulate specific expression of (GAS) 3 -lacZ.
(GAS) 3 -lacZ as a tool for discovery
In this report we provide evidence that JAK/STAT signaling can be monitored in vivo using the lacZ reporter gene regulated by STAT DNA binding elements. A complementary assay has recently been developed to monitor the pattern of STAT92E phosphorylation in the embryo, however our method of detecting lacZ by in situ hybridization provides a highly sensitive assay with little background to detect pathway activation from the cell surface receptor to gene expression in the nucleus. In addition, dynamic expression of the reporter can be visualized by a simple X-gal staining of whole embryos (data not shown) and remains sensitive enough to allow detection of changes in reporter activity in response to the removal and ectopic expression of pathway components. This capability could facilitate a genetic screen for enhancers or suppressors of JAK/STAT pathway activity during specific developmental stages. In addition, since (GAS) 3 -lacZ can be used to monitor JAK/STAT activation in tissue culture cells, this could facilitate a screen in tissue culture cells as well as providing a method of verifying screen-based genetic interactions. Our reporter line should also be useful to characterize JAK/STAT function during later developmental stages. Preliminary experiments with X-gal staining of (GAS) 3 -lacZ third instar larval structures revealed b-galactosidase activity in a subset of structures known to require or possess competence for JAK/STAT signaling (data not shown).
Until now direct monitoring of JAK/STAT pathway activation has only been possible in tissue culture cells. The establishment of an in vivo monitor of JAK/STAT pathway activation will provide an indispensable tool for the discovery of interacting proteins and tissue-specific requirements during Drosophila development. We demonstrate that this assay can be used to visualize pathway activation and identify novel regulators of JAK/STAT signaling during embryogenesis and specifically describe the isolation of a novel gene, upd2, which bears sequence homology to upd and encodes a functional ligand of the JAK/STAT pathway. A recent report has described the contribution of the gene encoding Upd3 in hemocytes during the Drosophila response to septic injury (Agaisse et al., 2003) . Our data adds to the mounting evidence that suggests the Drosophila JAK/STAT pathway is not simple, but contains multiple ligands that may act to elicit tissue and gene-specific responses.
Experimental procedures
Plasmids
The P-element transformation vector pCaSpeR-AUG-bgal (Thummel et al., 1988) was used to generate expression plasmids for the transgenic Drosophila lines. A basal promoter region of the Drosophila hsp70 gene (K292/ K153) was inserted upstream of the lacZ gene to generatepCaSpeR.hsp.bas. One or three copies of an oligonucleotide corresponding to the IFN-gamma activated site (GAS) from the mammalian FcgRI gene (K33/K14) were cloned with BamHI sites into the HSV-1 thymidine kinase promoter at position K109 (Reich and Darnell, 1989; Kotanides and Reich, 1993) . EcoRI DNA fragments containing one or three copies of the GAS sequence with 30 bp of flanking thymidine kinase promoter were cloned upstream of the basal hsp70 promoter of pCaSpeR.hsp.bas. The P-element containing vectors were designated (GAS) 1 -pCaSpeR.hsp.bas and (GAS) 3 -pCaSpeR.hsp.bas.
pCR-Blunt II-TOPO-upd2 was generated as described below and pCR-Blunt II-TOPO-upd was generated by directional cloning of HindIII/XbaI cut upd from pCDNA-upd-V5 (gift of Dr Steven Hou) into pCRBlunt II-TOPO.
Expression plasmids, stat92E-V5, dome-V5, upd-V5 and upd2-V5, were generated in pAc5.1/V5-His (Invitrogen). stat92E was amplified by PCR from the cDNA (gift of Dr James Darnell), dome was amplified by PCR from pCEFL-HA-dome/mom (gift of Dr Steven Hou), upd was amplified by PCR from pAc-upd (gift of Dr Douglas Harrison), upd2 was isolated as described below and amplified by PCR from pCR-Blunt II-TOPO-upd2. (GAS) 3 -pCaSpeR.hsp.bas was used as the reporter plasmid. pIZ-luciferase was a gift of Dr. Greg Hannon.
Molecular cloning of upd2
Total RNA was isolated from 2 to 4 h embryos with TRIzol Reagent according to the manufacturer's instructions (Invitrogen). Ten micrograms of RNA was used as a template for first strand synthesis with oligo dT primers and Superscript II RT (Invitrogen) in a 20 ml volume. One microliter of this cDNA served as a template for the subsequent PCR amplifications. Specific primers were designed to the FlyBase annotated annotated gene CG5988. Nested 5 0 primers (5 0 -ACCTTAAACGGTACG-CCCGCA-3 0 ; 5 0 -GCATTTCCACCAAACCACACACC-3 0 ) and a 3 0 primer (5 0 -GGAATGTGCAGCTGTAAGTACTC-3 0 ) were used in successive rounds of PCR using Platinum Pfx DNA Polymerase (Invitrogen). DNA fragments corresponding to the upd2 cDNA and upd2 that retained intron1 were subcloned using the Zero Blunt w TOPO w PCR Cloning Kit (Invitrogen) to generate pCR-Blunt II-TOPOupd2 and pCR-Blunt II-TOPO-upd2Cintron1.
Fly strains and genetics
Flies were raised on standard Drosophila media at 25 8C. Transgenic Drosophila carrying the (GAS) 1 -pCaSpeR.hsp.-bas and (GAS) 3 -CaSpeR.hsp.bas transposons were recovered by standard P-element transformation procedures (Rubin and Spradling, 1982) . Multiple independent lines were assayed for expression levels. We designated our strongest line as (GAS) 3 -lacZ. This line was mapped to the third chromosome and a homozygous stock was established. All subsequent experiments were carried out using (GAS) 3 -lacZ. hop C111 FRT 101 was a gift of Dr. Norbert Perrimon (Perrimon and Mahowald, 1986; Hou et al., 1996) . Females carrying germ line clone embryos were generated by the FLPase-Dominant Female Sterile (FLP-DFS) technique, and crossed to homozygous (GAS) 3 -lacZ males (Chou and Perrimon, 1996) . Df(1)osUE69 was obtained from the Bloomington Stock Center and Df(1)os1A was a gift of Dr. Norbert Perrimon (Eberl et al., 1992; Harrison et al., 1998; Brown et al., 2001) . Briefly, Df(1)osUE69/y w and Df(1)os1A/y w females were crossed to (GAS) 3 -lacZ/ (GAS) 3 -lacZ males. Df/Y embryos were identified by the lack of upd expression in a simultaneous lacZ/upd in situ. Parallel experiments with a single lacZ in situ confirmed that the reduction in lacZ expression was present in the expected percentage of embryos. UAS-upd was a gift of Dr. Norbert Perrimon (Zeidler et al., 1999) . prd-Gal4/ TM3 females were crossed to UAS-upd/CyO; (GAS) 3 -lacZ/ (GAS) 3 -lacZ males. prd-Gal4/TM3 was obtained from the Bloomington Stock Center.
Embryo manipulations
In situ hybridizations were carried out as described (Klingler and Gergen, 1993) . A digoxigenin-labeled antisense RNA riboprobe (Roche) was synthesized as described to detect the lacZ mRNA transcript (Tsai and Gergen, 1994 ). An antisense riboprobe to upd was sythesized by HindIII digested pCR-Blunt II-TOPO-upd with T7 RNA polymerase. An antisense riboprobe to upd2 was generated by HindIII digested pCR-Blunt II-TOPO-upd2Cinron1 withT7 RNA polymerase. upd2 sense riboprobe was generated using NotI digested pCR-Blunt II-TOPO-upd2 with SP6 polymerase (data not shown). Embryos were mounted in Permount w (Fisher Scientific) and photographed with a SPOT Cooled Color Digital Camera (Diagnostic Instrument, Inc.) using a Zeiss Axioskop equipped with 20! DIC optics.
Single embryo PCR
Embryos were collected from progeny of Df(1)osUE69/y w females X y w/Y males. DNA was prepared (Gloor et al., 1993) and used in a PCR reaction with the following primers: upd (5 0 -TAGCGGTAGCGGTAACGGATTC-3 0 ; 5 0 -GCTGTAGCAACTTTTTCTGGCTCC-3 0 ), upd2 (5 0 -GCATTTCCACCAAACCACACACC-3 0 ; 5 0 -GGAATG-TGCAGCTGTAAGTACTC-3 0 ). upd3/CG15062 (5 0 -CGC-CTGAACAGGAACTGGTC-3 0 ; 5 0 -ACCTCAAGCTCC-CTGGCAAC-3 0 ) and upd3/CG5963 (5 0 -CACACACACG CCGTTTGTGG-3 0 ; 5 0 -CATGGAATGAGCCTCGTTG TG-3 0 ).
Reporter assays in cell culture
Transient transfections were performed with Drosophila S2 cells and Cellfectin transfection reagent (Invitrogen) according to the manufacturer's instructions. One well of a 12 well plate was transfected with a total of 1.1 mg DNA containing 0.2 mg (GAS) 3 -lacZ, 0.01 mg pIZ-luciferase, 0.4 mg dome-V5, 0.3 mg upd-V5 or 0.3 mg upd2-V5, and 0.2 mg stat92E-V5. Cells were collected 40 h post-transfection, washed, and lysed in Reporter Lysis Buffer (Promega). b-Galactosidase activity produced from the (GAS) 3 -lacZ reporter gene was measured using the Luminescent b-galactosidase Detection Kit II (BD Biosciences). pIZluciferase was used as a cotransfection control and luciferase activity was measured using the Luciferase Assay System (Promega). Reporter gene results were normalized to expression of pIZ-luciferase. Measurements were carried out with a Lumat LB 9507 luminometer (EG&G Berthold).
